Five different bacterial extracellular polymer extraction methods and a combination of two of these methods were compared on cultures of activated sludge, synthetic activated sludge, and Klebsiella aerogenes. High-speed centrifugation was the most effective extraction method for the K. aerogenes culture, based on the comparatively small amount of cell disruption and the relatively high extracellular polymer yield. Steaming treatment was the most effective extraction method for the activated sludges, since it released a significant quantity of extracellular polymers from the flocs and caused less cellular disruption than ethylenediaminetetraacetic acid and sodium hydroxide treatments. Sodium hydroxide treatment caused extensive disruption in all cultures. Ultrasonication released low concentrations of extracellular polymers from all cultures. However, it caused no significant cell disruption and therefore may be useful as a preliminary treatment in conjunction with another extraction method.
It has been proposed that bacterial extracellular polymers have an important protective function, aiding survival and dispersal of bacterial species (27, 31) . They have been shown to be involved in flocculation in bacterial cultures and the adsorption of metal ions from solution (2). The removal of metal ions from the aqueous phase is particularly important in the activated sludge process of biological wastewater treatment (2).
The bacterial extracellular polymers extracted from activated sludges have been mainly of a polysaccharide nature, although protein and nucleic acid from autolysis are also constituents of the floc polymer matrix (2). Most activated sludge bacteria are gram negative (22) ; extracellular protein production is very rare in gramnegative organisms due to the complex and impermeable nature of the cell walls (3). The most common monosaccharides found in bacterial extracellular polymers are the hexoses D-glucose, D-galactose, and D-mannose (27) . Steiner et al. (25) found that the monosaccharides present in slime layers extracted from activated sludges varied between different sludge samples. Hexoses, pentoses, and glucuronic acids were present in all the sludges investigated. The slime and capsular extracellular polymers of Klebsiella aerogenes (formerly Aerobacter aerogenes) have been characterized (11, 24) . The polysaccharides contained approximately 50% glucose, 29% uronic acid, 10% fucose, and 1% galactose (11) .
Many methods have been used to extract extracellular polymers from different bacterial cultures. These have included ammonium hydroxide extraction (21, 28) , sodium hydroxide extraction (29) , ethylenediaminetetraacetic acid (EDTA) extraction (19) , sulfuric acid extraction (24) , trichloroacetic acid extraction (6), boiling benzene extraction (30) , ultrasonication (14) , blending (12) , high-speed centrifugation (21) , and extracting by boiling or autoclaving (11, 13, 23 Extracellular polymer extraction methods. All extraction procedures and the separation of sludge flocs from supematants were carried out on three separate 100-ml subsamples from an initial 3-liter sample of each bacterial culture.
(i) Separation of sludge flocs from supernatants. Samples were centrifuged at low speed (approximately 2,000 x g) in a bench centrifuge (MSE, Crawley, U.K.).
(ii) High-speed centrifugation. (iv) Ultrasonication and high-speed centrifugation. Samples were ultrasonicated for 10 min and then centrifuged at 33,000 x g as described above.
(v) Steaming extraction. The steaming extraction method was a modification of that proposed by the Water Pollution Research Laboratory (23) . Samples were steamed in an autoclave for 10 min and then centrifuged while still hot at 8,000 x g for 10 min. During centrifugation the temperature was reduced to 15°C. The steaming treatment was used in an attempt to reduce the disruptive effects on the cells of boiling or autoclaving.
(vi) Sodium hydroxide extraction. Sodium hydroxide extraction was carried out as described by Tezuka (29) with some modifications. Samples were centrifuged at 2,000 x g for 20 min. The supernatants were discarded, and 2 volumes of 2 M NaOH was added to the pellet. These samples were gently agitated at 20°C for 5 h and then diluted with tap water to the original sample volume (100 ml) to facilitate centrifugation and filtration. The samples were centrifuged at approximately 2,000 x g to remove the cells.
(vii) EDTA extraction. The EDTA extraction method was a modification of that described by Nishikawa and Kuriyama (19) . In this method, 100 ml of 2% EDTA (tetrasodium salt) was added to a 100-ml sample and left for 3 h at 4°C. The samples were then centrifuged at 14,000 x g for 20 min at 4°C.
Filtration. The supernatants obtained on centrifugation after all treatments were filtered through 0.22-um cellulose acetate filters in a Pyrex filtering apparatus [Millipore (UK) Ltd., London] to ensure that samples were free of cells. The pellets were discarded.
Estimation of extracellular polymer concentrations and cellular disruption by biochemical analysis. Hexose sugar and hexuronic acid concentrations were used as measures of extracellular capsular or slime polymers; protein and deoxyribonucleic acid (DNA) concentrations were used as measures of the degree of cellular disruption.
Hexose sugars were measured by the phenol-sulfuric acid method of Dubois et al. (10) and the anthrone method described by Dische (8) . Protein concentration was determined by the method of Lowry et al. (18) , and DNA was measured by the Burton diphenylamine method (4). The Dische carbazole method (9) was used to measure hexuronic acids. DGlucose was used as the standard for hexose sugars, bovine serum albumen was used for protein, the sodium salt of DNA from calf thymus gland was used for DNA, and D-glucuronic acid was used for hexuronic acids. Three sets of standards were prepared for each calibration curve. Two standards and appropriate blanks for sodium hydroxide, EDTA, and residual color were included with each batch of experimental samples. (Activated sludge extracts had varying degrees of a yellow/brown color, which was pronounced after steaming, sodium hydroxide, and EDTA treatments.) All tests were carried out in triplicate. Absorbance was measured by using an SP8 100 ultraviolet spectrophotometer (Pye Unicam Ltd., Cambridge, U.K. 
RESULTS
The mean concentrations of hexose sugars, protein, DNA, and hexuronic acids before and after subtraction of the untreated sample values, the relative standard deviations of the nine replicates, and the results of the statistical analyses are presented in Table 1 . The relative standard deviations of samples for which the mean value was very close to 0 were much higher than those of samples where mean values were above 10. This was due to the nature of the calculation, and therefore a comparison of the error involved in each of the extraction treatments is not valid. Steaming, sodium hydroxide, and EDTA extractions produced high yields of the various compounds in all the tests. The average relative standard deviations of these methods were very similar for all the biochemical tests in the three cultures, ranging from 7.9 to 11.5%. This suggests that none of these three methods involved a significantly greater error than the others.
Comparison of extracted extracellular polymer concentrations. The results of the anthrone and sulfuric acid-phenol hexose sugar analyses were in very good agreement, although the anthrone test showed slightly lower values in the samples from the K. aerogenes culture.
In all three cultures examined, hexose sugars were identified in the untreated samples. These concentrations were much higher in the K. aerogenes culture than in the activated sludges. High-speed centrifugation and ultrasonication were not effective in removing hexose sugars from the flocs of either sludge. The mean supernatant sugar concentration after high-speed centrifugation was slightly lower than that of the untreated sample, although these two values were not statistically different. Ultrasonication produced a very slight increase in the supernatant sugar concentration in both sludges.
Steaming, sodium hydroxide, and EDTA extractions all released hexose sugar concentrations from the sludge flocs that were at least 15 times greater than the concentrations released by other extraction methods. These three methods released very similar quantities of sugar from the synthetic activated sludge flocs. Sodium hydroxide extraction on activated sludge, however, released approximately three times as much sugar as the steaming and EDTA extractions.
The results of both sugar analyses on K. aerogenes showed a different trend from that observed for the sludges. Sodium hydroxide treatment produced no significant increase in hexose sugar concentration over the untreated sample. Ultrasonication produced a small increase in supernatant sugar concentration. High-speed centrifugation, steaming, and EDTA extraction all released considerably larger quantities of hexose sugars from the cells, at least twice as much as the ultrasonication method. EDTA extraction yielded the greatest quantity of sugar, and steaming released a little more sugar from the culture than did high-speed centrifugation.
Hexuronic acid concentration was measured after extraction of the K. aerogenes culture only, since interference occurred in the analysis of sludge samples. Sodium hydroxide also interfered with the hexuronic acid reaction. The results of the hexuronic acid analysis revealed the same pattern as the hexose sugar tests in samples extracted from the K. aerogenes culture. Hexuronic acid was present in the untreated sample. Ultrasonication released very little hexuronic acid into the supernatant. EDTA, highspeed centrifugation, and steaming extractions increased the supernatant hexuronic acid concentrations; the values were not statistically different for these methods.
The hexuronic acid concentrations measured in the samples extracted from K. aerogenes were between 14 and 22% (average, 18%) of the hexose sugar concentrations in the same samples as measured by the sulfuric acid-phenol test and between 24 and 35% (average 31%) as measured by the anthrone test.
The combination of ultrasonication and high- Samples from both the sludges extracted by high-speed centrifugation and ultrasonication exhibited little or no increase in protein concentration over the untreated samples. Extractions by these two methods on the K. aerogenes culture revealed small increases in protein concentrations. Steaming and EDTA extractions on the sludges produced significant increases in supernatant protein concentrations, at least nine times as much as high-speed centrifugation and ultrasonication, with EDTA extraction releasing more protein than steaming even when the additional error in the EDTA values is taken into account. The steaming extraction on the K. aerogenes culture produced a substantial increase in supernatant protein concentration, at least twice as much as the ultrasonication and centrifugation methods. Sodium hydroxide extraction resulted in a vast increase in supernatant protein concentration for all three cultures, at least three times as much as the steaming and EDTA extractions.
The results of the DNA analyses demonstrated a pattern similar to that for protein in all three cultiures. High-speed centrifugation and ultrasonication produced a very slight increase in DNA concentration in the supernatants of the sludges over the untreated samples. This effect was slightly magnified in the K. aerogenes samples. Steamring, EDTA, and sodium hydroxide extractions caused an increase in supernatant DNA concentrations over the other methods, with the exception of the synthetic activated sludge, where sodium hydroxide treatment appears to have failed to increase DNA concentration in extracted samples. In contrast, the quantity of DNA extracted by the sodium hydroxide method from the activated sludge was much higher than that produced by all other methods.
(ii) Effects of ultrasonication on the viability of K aerogenes. The K. aerogenes culture contained 168 x 107 viable cells/ml before treatment. After ultrasonication, the sample contained 162 x 107 viable cells/ml. Therefore, no significant reduction in viability occurred during the ultrasonication treatment.
DISCUSSION
Nucleic acids and proteins have been shown to be bound in the polymer matrix of bacterial flocs (16, 19 ). An increase in supernatant protein and DNA concentrations after extraction treatment may be due either to cell disruption or to the release of these compounds from the floc matrix. If the protein and DNA concentrations measured in supernatants were the products of autolysis, and had been released from the floc matrix, a constant relationship would be expected between hexose sugar and protein or DNA concentrations. However, protein concentrations in samples extracted from the sludges by any one method varied between 2.5 and 11 times the sugar concentrations (this can be calculated from Table 1 ). DNA concentrations also did not correlate with sugar concentrations for the various methods. This suggests that monitoring supernatant protein and DNA concentrations provides an indication of cellular disruption.
Untreated samples contained residual amounts of hexose sugar, protein, and DNA (also hexuronic acid in the K. aerogenes culture). These compounds may have been loose slime extracellular polymers, components of the influent medium in the sludges, or the products of autolysis, since all the cultures were at least 5 days old.
A difference is apparent in the results from the two activated sludges and the K. aerogenes culture. Ultrasonication was not effective as an extracellular polymer extraction method in any of the bacterial cultures examined. However, VOL. 40, 1980 on November 1, 2017 by guest http://aem.asm.org/ Downloaded from ultrasonication produced a small increase in sugar concentration over the untreated samples in all three cultures, although a statistical increase in hexose sugar concentration released by the combined method over the high-speed centrifugation method is only apparent for synthetic activated sludge. Since ultrasonication caused no significant cellular disruption, it may be useful as a preliminary treatment in conjunction with another extraction method.
High-speed centrifugation was of no value in extracting extracellular polymers from activated sludge flocs; this agrees with the results of other workers (5; F. M. Saunders, Ph.D. thesis, University of Illinois, Urbana-Champaign, 1975), although this treatment was originally reported as an extraction method for activated sludge cultures (21) . High-speed centrifugation, however, was the most effective method of extracting extracellular polymers from the K. aerogenes culture. Although hexose sugar concentrations released from the culture were slightly lower than those released by steaming and EDTA treatments, the degree of disruption caused during the extractions was very much lower after high-speed centrifugation. Hence centrifugation at 33,000 x g is recommended as the most reliable extracellular polymer extraction method for cultures of free bacterial cells in suspension. The effectiveness of high-speed centrifugation in extracellular polymer extraction is related to particle size. It has been calculated that the vast majority of flocs in an activated sludge would be sedimented before maximum speed, and hence centrifugal force, was attained (Saunders, Ph.D. thesis, 1975 very low in most cases, the ratios of DNA to hexose sugar were very similar for the three treatments and showed no apparent trend. Additionally, steaming extraction is a physical treatment, eliminating the necessity to remove chemical extractants before further experimentation.
Sodium hydroxide treatment caused a vast amount of cellular disruption in all three cultures, greater than any other treatment as measured by protein and hexose sugar concentrations. A strong alkali such as sodium hydroxide would be expected to have severe effects on cells. Farrah and Unz (12) found that bacterial cells of zoogloeae treated with 0.1 M sodium hydroxide appeared largely distorted.
In both the sludges, after steaming extraction the estimated hexose sugar concentration was between 1.6 and 2.0% of the suspended solids. Since extracellular polymers may also contain hexuronic acids, hexosamines, and pentose sugars, the percentage of extracellular polymers extracted from the sludges may be higher than this. These values compare well with others reported for extractions on activated sludges. Carr and Ganczarczyk (5) found that purified polysaccharide extracted from several activated sludges ranged from 0.15 to 3.8% of the suspended solids. The Water Pollution Research Laboratory (23) reported that extracellular polymers extracted from activated sludge plants treating domestic wastes comprised 1.70 ± 1.05% of the suspended solids; polymers extracted from activated sludges in conventional sewage treatment plants comprised 4.25 ± 0.31% of the suspended solids. Kiff (17) extracted between 1.13 and 6.47% of suspended solids as extracellular polymers over a range of retention periods. The estimated supernatant hexose sugar and hexuronic acid concentrations after extraction by high-speed centrifugation were between 10 and 16% of the total solids in the K. aerogenes culture (depending on the method of hexose sugar analysis). Parsons and Dugan (20) estimated that extracellular polymers extracted from pure cultures of Zoogloea ramigera 115, which produces a zoogloeal gel matrix, represented approximately 40% of the total solids. The amount of extracellular polysaccharide, however, may be many times the cell dry weight under favorable conditions (31) .
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